The glutathione transferases (GSTs) form a group of enzymes responsible for a wide range of molecular detoxications. The photoaffinity label S-(2-nitro-4-azidophenyl)glutathione was used to study the hydrophobic region of the active site of the rat liver GST 1-1 and 2-2 isoenzymes (class Alpha) as well as the rat class-Mu GST 3-3. Photoaffinity labelling was carried out using a version of S-(2-nitro-4-azidophenyl)glutathione tritiated in the arylazido ring. The labelling occurred with higher levels of radioisotope incorporation for the Mu than the Alpha families. Taking rat GST 3-3, 1.18 (± 0.05) mol of radiolabel from S-(2-nitro-4-azidophenyl)glutathione was incorporated per mol of dimeric enzyme, which could be blocked by the presence of the strong competitive inhibitor, S-tritylglutathione (Ki =
INTRODUCTION
Glutathione transferases (GSTs) form a widespread group of enzymes whose role is to conjugate GSH to various electrophiles, most commonly as part of detoxication via the mercapturic pathway [1] [2] [3] [4] [5] . They have also been implicated in cellular resistance to cytotoxic drugs [6, 7] and are involved in the inflammatory response by their contribution to the synthesis of leukotriene C4 [8] .
The reaction catalysed is nucleophilic attack of GSH on an electrophile. The molecules of electrophilic substrates are frequently hydrophobic and can be quite large. There have been considerable efforts recently to understand the molecular structure of the binding sites for the two substrates in the GSTcatalysed reaction, the G-site and the H-site [9] . These attempts have included site-directed mutagenesis [10] [11] [12] [13] [14] [15] and construction of chimaeric protein subunits [16] , as well as chemical variation of the GSH structure [17, 18] and physicochemical [19] methods. Affinity labelling has been used [20] to covalently modify rat liver GST 4-4 in the region of the active site. GSH-based photoaffinity labels [21] have been used to inhibit GSTs [22] and to covalently label the H-site for sequencing in the case of rat liver GST 1-1 [23] . The recent availability [24] of the X-ray crystal structure atomic co-ordinates of rat liver GST 3-3 along with the construction of chimaeric human-rat class-Alpha GST cDNA and the corresponding proteins [16] prompts us to report a detailed study to detect contributions to the hydrophobic cavity of the H-site on the GSTs. and absence of S-tritylglutathione) followed by tryptic digestion and purification of the labelled peptides indicated that was specifically photolabelled; the labelled peptides were sequenced. Similarly, preparative photoaffinity labelling by S-(2-nitro-4-azidophenyl)glutathione of the rat liver 1-1 isoenzyme, the human GST Al-I and the human-rat chimaeric GST, H1R1/1, was carried out with subsequent sequencing of radiolabelled h.p.l.c.-purified tryptic peptides. The results were interpreted by means of molecular-graphics analysis to locate photoaffinity-labelled peptides using the X-ray-crystallographic co-ordinates of rat GST and human GST A1-1. The molecular-graphical analysis indicated that the labelled peptides are located within the immediate vicinity of the region occupied by S-substituted glutathione derivatives bound in the active-site cavity of the GSTs investigated.
Photoaffinity labelling represents a useful approach to identifying hydrophobic sites, as the nitrene generated from an aryl azide is relatively undemanding in its choice of chemical target structure during the labelling process. Consequently, we have applied photoaffinity labelling using tritiated and, where possible, sterilized through 0.22,tm filters (Gelman Science). Rat GST isoenzymes were isolated from rat liver (male Wistar rats induced with sodium phenobarbitone) by a modification of the method of Simons and Vander Jagt [25] followed by hydroxyapatite chromatography. The subunits were identified by reversed-phase h.p.l.c. [26] and by enzyme assay at 25.0°C against a range of substrates, namely CDNB, 1,2-dichloro-4-nitrobenzene and trans-4-phenyl-3-buten-2-one [27] . The isolated homodimeric isoenzymes were shown to be homogeneous by the above techniques as well as by SDS/PAGE.
Human class-Alpha subunit hAl [28] (for nomenclature see [29] ) and the human-rat chimaeric subunit HI RI /1 [16] Protection of GST 3-3 against photoaffinity labelling by S-tritylglutathione
To assess non-specific labelling and inactivation of rat GST Alpha family of isoenzymes than the Mu family. Even after 20 min and a molar excess of photoaffinity label/protein of 4.5: 1, enzyme activity was only reduced by 30 % compared with approx. 50 % for rat isoenzyme 3-3 under less forcing conditions. Other preliminary studies with rat GSTs 1-1 and 4-4 showed that theso-isoenzymes are less amenable to photoaffinity labelling by S-(4-azido-2-nitrophenyl)glutathione than rat 3-3 isoenzyme. Table 1 shows the results of photoaffinity labelling for the four isoenzymes 1-1, 2-2, 3-3 and 4-4 and the effect of using an Ssubstituted GSH analogue as inhibitor to measure non-specific binding. Under standard photolysis conditions, the Mu-class isoenzymes are more susceptible to affinity labelling (Table 1) .
Approx. 23-26 % of the Mu-class protein is radioactively labelled compared with 6-10% for the Alpha class (note that these comparisons are based on mol of label incorporated per subunit in contrast with Figure 2 for which the stoichiometry calculation is expressed per dimer, the functional form of these enzymes). Blocking the GSH-binding site with GSH analogues allowed the best protective agent to be chosen and the amount of non-specific binding to be measured. Use of S-tritylglutathione (35.4 uM), the strongest inhibitor used, showed the amount of non-specific binding to rat GST 3-3 to be 2.75 %. S-Hexylglutathione (42 ,uM) and S-[3-(1-adamantyl)oxomethyl]glutathione (44,M) were not as effective as S-tritylglutathione at blocking the active site and showed correspondingly higher levels of radiolabel bound nonspecifically after photoirradiation (respectively 8.1 and 7.0 % for rat . The K1 value of S-[3-(l-adamantyl)oxomethyl]-glutathione was determined to be 6.40 x 10-M with rat 3-3 GST. GSH was not used to block its own binding site because it is very efficient at reducing arylazides such as S-(4-azido-2-nitrophenyl)glutathione to their corresponding amines, thus neutralizing them as photoaffinity labels [31] , and in addition thiols are excellent scavengers of nitrenes.
Preparative photoaffinity labelling Rat GST 3-3 Rat GST 3-3 was photolabelled with equimolar S-(4-azido-2-nitro[3,5-3H]phenyl)glutathione under conditions optimized as described above. To measure non-specific covalent labelling, Figure 4 Tryptic peptide map of radlolabelled rat GST 3-3 using S-(4-azido-2-nltrophenyl)glutathione Peptides were separated by reversed-phase h.p.l.c. (conditions described in the text) and monitored at (a) 215 nm. Portions (100 ,ul) were taken from the 1 ml fractions and radioactivity was measured by liquid-scintillation counting (b).
GST 3-3 was also photoirradiated in the presence of a 3-fold molar excess of S-tritylglutathione to block competitively the GSH-binding site. Radiolabelled protein was separated from unbound photolabel and its photoproducts by gel chromatography. Fractions containing radioactive GST 3-3 protein were pooled, the volume reduced by vacuum dialysis to approx. 0.8 ml, trypsin (1 mg/ml of 0.1 M NH4CO3, pH 8.5) added to give a GST/trypsin ratio of 100:1 and the sample incubated overnight (16 h) at 37 'C. The digested sample was then injected directly on to a reversed-phase C 18 column for peptide mapping, with liquid-scintillation counting to identify radiolabelled fractions. The profile (Figure 4) showed four reproducible major radioactive peaks (labelled 1-4) produced by specific labelling (comparison with S-tritylglutathione). The acetonitrile contents of the fractions containing the radioactive peptides were lowered by addition of water (0.5 ml) to permit direct sample re-injection on to the reversed-phase column for further purification. Each radioactive peptide was repurified by the same h.p.l.c. procedure. Figure 5 shows the reisolation of peptide 4. All of these peptides (1) (2) (3) (4) were well resolved, except for peptide 2, which was a shoulder on a broad peak. However, all retained their radioactivity on re-injection and separation.
Rat GST 1-1 The alpha-class family rat GST 1-1 was photoaffinity-labelled with radiolabelled S-(4-azido-2-nitrophenyl)glutathione in the absence and presence of S-tritylglutathione. A portion of radiolabelled S-(4-azido-2-nitrophenyl)glutathione (20 ,ul; 14 nmol) was added to rat GST 1-1 (0.5 ml; 13.8 nmol) and the mixture left to equilibrate in the dark at 4 'C for 5 min before photolysis. A parallel protection. experiment was carried out in the presence __-__.
-~M-.Mm.lI Fractions containing radioactive protein were concentrated and digested with trypsin, and radioactive peptides were purified by h.p.l.c. as described above.
Three radioactive peaks (labelled 1, 2 and 3) were produced when rat GST 1-1 was photolysed with S-(4-azido-2-nitro[3,5-3H]phenyl)glutathione. When the enzyme was photolysed in the presence of both radiolabelled S-(2-nitro-4-azidophenyl)glutathione and S-tritylglutathione, the radioactive counts were very much reduced and no radioactive h.p.l.c. peaks were clearly identifiable against the background radiation (see Figure 6 ). of inhibitor by adding photoaffinity label (20 ,ul; 14 nmol) to a mixture of rat GST 1-1 (0.5 ml; 13.8 nmol) and S-tritylglutathione (20 ,ll; 58.3 nmol), and the incubation mixture again left for 5 min at 4°C in the dark before photoactivation. The ratio GST 1-1/photolabel/protector was 1.00: 1.02:4.23. Both samples were photolysed for 10 min (A > 305 nm). Covalently radiolabelled rat GST 1-1 was separated from unchanged S-(4-azido-2-nitrophenyl)glutathione and its photoproducts by reversed-phase h.p.l.c. [26] . Fractions (1.5 ml) were collected and from these, 50 ,u1 portions were counted for radioactivity. Photolysis of rat GST 1-1 under these conditions resulted in 10 % of the protein being covalently radiolabelled. In the presence of the inhibitor S-tritylglutathione to block the active site, approx. 2.5 % of the protein was non-specifically radiolabelled.
Human GST Al-i and human-rat chimaeric GST HlRl/l Photoaffinity labelling of the human class-Alpha GST 1-1 and the chimaeric human-rat GST HIRI/I [16] was carried out essentially as described above.
To minimize non-specific labelling, the molar ratio of label to active sites was 0.9:1 and typically 0.6-1.2 mg of protein was used in a labelling experiment. The photoaffinity-labelled protein was separated from unlabelled protein, free label and photoproducts by gel filtration. Before tryptic digestion, the protein was denatured by addition of 8 M urea to a final concentration of 2 M to facilitate digestion. The digested protein was filtered, applied directly to a 25 cm reversed-phase Dynamax C18 column and eluted with a water/acetonitrile gradient (0X45 % over 90 min, and finally 45-100 % in 20 min) at a flow rate of 1 ml/min. Fractions were collected and assayed for radioactivity.
I
Radioactive fractions were freeze-dried (not completely) to eliminate the acetonitrile, re-injected on to the same column and eluted by a gradient increasing 0.5% per min. Radioactive fractions were identified and stored at -20°C until further analysis.
Characterization of labelled sites
Reversible inhibition of rat GSTs by photoaffinity label I was determined with both GSH and CDNB as the variable substrate in turn. The results, summarized in Table 2 , show that S-(2-nitro-4-azidophenyl)glutathione is a linear competitive inhibitor of all four homodimeric rat GSTs, with respect to either GSH or CDNB as variable substrate. The K, values did not vary greatly from isoenzyme to isoenzyme (ranging only from 9 to 25,M versus GSH).
The radiolabelled tryptic peptides isolated as described were found to have the amino acid sequences described below.
Rat GST 3-3 Peptides 1-4 were sequenced by automated Edman degradation. Peptide 1 showed the N-terminal sequence FEK which comes from the sequence MQLIMLCYNPD'19FEK. No sequence could be obtained for peptide 2. Peptide 3 showed sequences from three peptides not resolved by h.p.l.c., namely (a) ITQ-SNA75IMR, (b) 202YLSTPIFSK and (c) 43SQWLNEK, with the Edman-detected residues underlined. Peptide 4 had the sequence '1GLTHPIR, with Edman-detected residues underlined. In this sequence cycle, the penultimate isoleucine residue had the retention time not of isoleucine but of asparagine, perhaps indicating it as the site of photolabelling. In all cases, the first amino acid identified represents the first cycle of Edman degradation; thus peptides 1 and 3b appear to be the result of anomalous tryptic cleavage.
Rat GST 1-1 The radioactive peptides (1, 2 and 3) were further purified and subjected to amino acid sequencing to give: peptide 1, 188ISS-LPNV; peptide 2, 34LIQSPEDLE; peptide 3, 132YLPAFE.
Human GST Al-i and human-rat chimaeric GST HlRl/l Nine peptides were identified in the radioactive fractions, of which five were reproducibly found in several experiments. The peptides are listed below as they appear in the primary sequence, using the residue numbering based on the cDNA-derived sequence, with the Edman-detected residues underlined. [23] of rat GST 1-1 using Sazidophenacylglutathione (GSCH2COC6H4N3), the proteolytic peptides detected and sequenced were found to correspond to residues 212-218 (using the numbering of Hoesch and Boyer). These authors [23] also reported that residues 91-110 and 206-218 were labelled for the rat GST 2-2 isoenzyme.
In Figure 7 we have aligned all of the protein tryptic peptides detected by photoaffinity labelling of GSTs using S-(4-azido-2-nitrophenyl)glutathione and sequenced in the present study and include the results of Hoesch and Boyer [23] for comparison.
Considering rat GST 3-3 first, it was specifically photoaffinitylabelled at five reproducible sites, located in the tryptic peptides corresponding to the regions of sequence: 11-17 (residues 16 and 17 were not detected by the sequencer protocol), 43-49 (with 45-49 undetected), 69-77 (with 69-74 undetected), 108-121 (with 108-118 undetected) and 202-210 (with 205-210 undetected). The lack of detection during sequencing of the last few (Cterminally located) residues of a short peptide is unsurprising and may not be significant. However, when the N-terminally originating Edman sequence data can only be obtained for the C-terminal residues (e.g. fragments 108-121 and 69-77), it is possible that the photolabelled site lies in the sequenatorundetected region ofthe tryptic peptide concerned. In considering the location of the arylazide moiety of S-(2-nitro-4-azidophenyl)glutathione in its complex with GST 3-3, we have therefore used the whole of the detected tryptic peptide. In Figure 8 (a) we have mapped these five detected tryptic peptides on to the X-ray co-ordinates of rat GST 3-3 in complex with S-(2,4-dinitrophenyl)glutathione. From the X-ray data it is clear. that GSH binds to GST 3-3 towards the bottom of a large pocket. Considering the highlighted (photolabelled) sites on Figure 8 The alignment is as described by Mannervik and Danielson [1 ] with gaps inserted in the lines representing the GSTs to reflect the alignment. R3, rat subunit 3; Ri, rat subunit 1; Hl Ri, human-rat chimaeric subunit [16] ; hAi, human class-Alpha subunit; *, radiolabelled peptide from photoaffinity labelling of rat 1-1 with S-(pazidophenacyl)glutathione by Hoesch and Boyer [23] ; ---, section of rat subunit 1 replaced by human class-Alpha subunit. Figure 8 Plots of Ca co-ordinates for one monomer of (a) rat GST 3-3 in complex with S-(2,4-dinitrophenyl)glutathione [32] and (b) human GST Al-1 In complex with S-benzylglutathione [33] The location of the GSH derivative is shown as a bold framework; the GSH-binding site lies at the bottom of a deep cavity. The photolabelled peptides are indicated by dashes along the protein main chain with the sequences appropriate to them given nearby.
Leu-12, Met-108, Tyr-i 16, Phe-208 and Ser-209 which contribute to the electrophilic substrate-binding site, the H-site [9] . The remaining two labelled peptides include amino acid residues involved in the binding of GSH; and Lys-49 in peptide 43SQWLNEK are hydrogen-bonded or salt-linked to the glycine carboxylate, and Gln-71 and Ser-72 in 69ITQSNAIMR are coordinated to the y-glutamyl part of the GSH molecule [32] .
Let us now consider the class-Alpha isoenzymes rat GST 1-1, human GST Al-l and the corresponding chimaeric GST HI RI / 1. The labelling pattern can be interpreted by reference to the topology of the three7dimensional GST structure now available for human GST Al-I with the competitive inhibitor Sbenzylglutathione in the active site [33] . Figure 8(b) schematically shows the location of the five peptides reproducibly labelled in the experiments with GST AI-l and the chimaeric GST HIRl/i. Peptide 34LIQ or 34FIK was labelled in subunits rl, hAl as well as in chimaera HIRI/l. This region corresponds to the loop containing the second strand (/1 2) and the second a-helix (a 2), which is a loop assigned to the active-site structure. Peptide 205KPPMD (in subunit hAl, one experiment) and 205KPAMDA (in subunit HlRI/l), like peptide 212SLEEAR (in subunit hAi), are located in the C-terminal helix (a 9) known to contribute to the active site. In addition, peptide 7LHYFNAR (found in one experiment for subunit hAi) contains the active-site tyrosine (Tyr-9) and the immediately following residues, known to be at or close to the active site.
Peptide 79YNLYGK (labelled in subunits hAl and HIRI/l) is in the hinge region between the two structural domains, which is at a considerable distance from the active-site region. The consistent labelling of this segment may signify a second binding site distinct from the active site of the enzyme. Evidence for such a secondary binding site has been obtained from equilibriumbinding experiments by other investigators [34] [35] [36] .
Peptide '21LALIK (labelled only in one experiment in subunit HlRl) appears to be located in ac-helix 5. Peptide '30NRY-FPAFEK, like the overlapping peptide from subunit rl peptide '32YLPAFEK, is part of helix 5 and contributes to the active site in the other subunit of the dimeric enzyme molecule [33] .
Finally, peptide 188ISSLPNVK (in subunit rl) represents a segment preceding the C-terminal region which has been shown to contribute to the active site. It is not clear whether this peptide really contributes to the active site.
In summary, in the class-Alpha enzymes several peptides that with certainty have been identified in regions contributing to the active site are now shown to be photoaffinity-labelled. In other cases, as represented by peptide 79YNLYGK, labelling suggests binding sites in addition to the active site itself. In the chimaeric subunit (HlRI/i) the fusion point between the human Al subunit and the rat subunit I is at His-143. Thus the chimaera would be expected to have a labelling pattern similar to human subunit Ai in the segment preceding His-143 and a labelling pattern similar to rat subunit 1 in the segment after this residue. However, certain differences in the labelling pattern of the Cterminus are noted in comparing rat subunit 1, human subunit Al and the chimaeric subunit. This difference may reflect differences in the folding of the C-terminal segment against the remainder of the subunit in the three distinct subunits. A detailed understanding of the significance of these differences has to await identification of the exact site of the photoaffinity labelling. Nevertheless, the results indicate the importance of the Cterminal segment of GST for the active-site structure.
